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Abstract

The purpose of this report is to predict levels
of exhaust emissions due to high temperatures in the
main combustor of High-Speed Civil Transport (HSCT)
engines during supersonic cruise. These predictions
are based on a new combustor design approach: a
rich burn/quick quench/lean burn combustor. A two-
stage stirred reactor model is used to calculate
the combustion efficiency and exhaust emissions of
this novel combustor. A propane-air chemical
kinetics model is used to simulate the fuel-rich
combustion of jet fuel. Predicted engine exhaust
emissions are compared with available experimental
test data. The effect of HSCT engine operating
conditions on the levels of exhaust emissions is
also presented. The work described in this paper
is a part of the NASA Lewis Research Center High-
Speed Civil Transport Low NOy Combustor program.

Introduction

The nitrogen oxide (NOy) exhaust emissions of
the High-Speed Civil Transport (HSCT) turbofan or
turbojet engines at Mach 2.0 to 4.0 and high-
altitude cruise may have detrimental effects on the
stratospheric ozone layer.' The damaging effects
of pollutants from exhaust emissions have been
reported extensively elsewhere.2-10 It is antici-
pated that current combustor designs operating in a
high-speed propulsion system will produce nitrogen
oxide levels that are much higher than in current
subsonic applications.2 HSCT stratospheric flight
could produce detrimental climatic effects. There-
fore, considerable research is needed to develop
practical combustors with extremely low levels of
NOy emissions.

The main engine components of a (turbofan)
turbojet include a fan (turbofan), a compressor, a
combustor, and a turbine. A portion of the com-
pressed air passing through the turbofan enters the
compressor, while the remaining air is bypassed
around the core engine to provide additional thrust.
The flow rate and the total temperature and pressure
of the compressed air entering the combustor from
the compressor discharge are determined by the over-
all fan and compression ratio, flight altitude, and
flight speed. The high Mach cruise operation mode
of HSCT engines imposes increased pressures and
temperatures at the inlet of the turbomachinery,
and subsequently, much higher temperatures and
pressures at the combustor inlet. The fuel-air
ratio is determined by the combustor temperature
rise required to obtain the design turbine inlet
temperature. The maintenance of high-Mach flight
requires considerable energy input, resulting in
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very high turbine inlet temperatures and therefore,
high fuel-air ratios. Table 1 shows a comparison
of typical cruise operating conditions for a con-
ventional subsonic application and an HSCT together
with their expected NOy emission levels. The
effect of the combustor in HSCT engines (i.e., com-
bustor inlet and exit temperatures and combustor
inlet pressure) on NOy emission levels is of par-
ticular importance.

The two principle methods for controlling NOy
formation are (1) reducing the reaction-zone tem-
perature (flame temperature) and (2) reducing the
reaction-zone residence time. The reaction-zone
temperature ma* be reduced by operating with either
a fuel-rich!1-15 or fuei-lean reaction zone,!6-
by operating with a more homogeneous fuel-air mix-
ture, or by introducing inert substances into the
reaction zone. The reaction-zone fuel-air ratio
may be shifted by altering the combustor airflow
distribution. However, a rich zone tends to form
considerable amounts of carbon monoxide, hydro-
carbons, and soot, while lean reaction zones pose
severe combustion stability problems. Variable
geometry might be required to continuously control
combustor airflow distribution for a wide range of
engine operating conditions from light-off through
idle to low and intermediate power to high-power
cruise conditions.

The fuel-air mixture could be made more homo-
geneous by increasing mixing intensity, by using a
very large number of fuel injection points to dis-
tribute the fuel uniformly, and possibly by close
coupling with a flame holder to provide high turbu-
lence for rapid mixing. Premixing the fuel and air
before they enter the reaction zone also produces
more yniform fuel-air mixtures in the r~eaction
zone;22-23 however, premixing might be impractical
because fuel autoignition or flashback is likely to
occur with the severe cycle conditions associated
with an HSCT engine. Prevaporizing the fuel before
it enters the reaction zone also helps to achieve a
uniform fuel-air mixture;26 but fuel autoignition
or flashback is also likely to occur in the prevap-
orizing process. Flame temperature, and the like-
Tihood of autoignition or flashback, could be
reduced by inert substances such as water or recir-
culated combustion products. Unfortunately,
water injection would be impractical during cruise
because of payload penalties, and a significant
increase in the amount of combustion products
recirculated in the reaction zone might require
excessive pressure losses. The reaction-zone resi-
dence time could be reduced either by shortening
the length of the reaction zone or by increasing
the number of local burning zones to reduce the
recirculation path length.

The abatement of NOy emissions to low levels
at HSCT cycle conditions will require nearly per-
fect mixing, reduction of flame temperature, and



reduction of residence time. Most of the extensive
previous work directed at controlling NOy emissions
in subsonic engines!8-27 is likely to be of only
limited use at the cycle conditions envisioned for
an HSCT. The purpose of this investigation is to
provide an important initial step in the design of
combustors aimed at limiting NOy emissions in HSCT
engines. One low NOy combustor concept is the rich
burn/quick quench/lean burn combustor. This air-
staged combustor consists of a rich primary stage
followed by a guick-quench mixer that dilutes the
fuel-rich primary products for introduction to a
fuel-Tean stage for final consumption of the fuel.
This combustor concept is intended to partially
burn the fuel-air mixture in the oxygen-deficient
primary zone, where the combustion temperature is
lower, to minimize the formation of NOy emissions.
The exiting, hot fuel-rich mixture is then quickly
and uniformly quenched so that a minimum of ther-
mal NOy will be formed in the final short-lean
reaction zone.

The objective of this investigation is two-
fold. First, the combustion chemical kinetics of
propane-air were developed at fuel-rich conditions
and lower temperatures and pressures. The calcu-
lated results were then compared with available
experimental data of the rich burn, quick quench,
Tean burn combustion system. Second, the effect of
HSCT engine operating conditions in controlling NOy
emissions in the rich burn/quick quench/lean burn
combustor were investigated.

Description of Models

Multistage Well-Stirred Reactor Model

The stirred-reactor calculations presented in
this report were made with the computer program
described in references 28 and 29. A well-stirred
reactor consists of a combustion chamber with a
well-defined volume into which the fuel-air mixture
enters and instantaneously mixes with the reactor
contents at a constant pressure. The mixture of
reactants and products flows out continuously in a
manner which results in a steady-state operation.
The conservation equations for mass, species, and
energy form a system of nonlinear algebraic equa-
tions that were solved by a mcdified Newton-
Raphson iteration procedure. No heat transfer
losses were considered in the model. The exhaust
gases from the primary-stage reactor were assumed
to be instantaneously diluted with the required
amount of air and then to enter the second-stage
reactor. The turbulent mixing between the end of
the primary combustion zone and the start of sec-
ondary combustion was approximated by the back-
mixing of the fuel-air mixture in the model.

Chemical Kinetic Mode!l

The chemical kinetic reaction model and the
rate coefficients for propane-air combustion and
NO, formation used in this study are listed in
Table 2. This mechanism is an improved version of
the mechanism used by Bittker and Wolfbrandt to
model similar rich-lean propane-air combustion in
a two-stage flame tube. Additional reactions
involving H-O-N species have been added and the
rate coefficients have been updated by using the
recent Viterature.30- It is recognized that the
oxidation mechanism of propane and the formation

mechanisms of NO and NOz (NOy) are not known with
great certainty, especially at rich equivalence
ratios. Soot formation in rich hydrocarbons com-
bustion is also a complicating factor. For these
preliminary idealized computations, to investigate
the rich burn/quick quench/lean burn concept of
NOy, control, we have used the simplified well-
stirred reactor model and have nteglected any
effects of soot formation. The chemical model went
through several iterations until we found one that
could be verified by available 2xperimental data.
A description of this model follows.

Reactions (1) to (3) (Table 2) describe the
formation of nitric oxide according to the extended
Zeldovich mechanism, and reaction (4) describes the
formation of atomic nitrogen which has been found
to be important for rich mixtures. Other reactions
concerning the formation of NOy are described by
reactions (5) to (34). Reactions (35) to (102)
describe the oxidation of propane and the forma-
tion of the hydrocarbon fragments. The reactions
involving hydrocarbon fragments and NO are
described by reactions (5) to (5). In addition,
the reactions between Hy0 and the radicals H, O,
and OH and the conversion of NO to nitrogen diox-
ide, NOp, are also included.

Table 3 tists third-body collisional recombi-
nation reactions! together with the chaperon effi-
ciency factors for several third-body species used
in the chemical kinetics model.

Validation of Models

The propane-air mechanism was tested by
repeating the computations of Bittker and
Wolfbrandt!? which modeled the experimental
NOy and CO measurements of G. Wolfbrandt and
D. Schultz.4¢ Their experimenta} work was under-
taken as part of the Critical Research and Tech-
nology program funded by the Department of Energy.
The purpose was to determine the effect of combus-
tion operating conditions on the conversion of
fuel-bound nitrogen to nitrogen oxides. Wolfbrandt
and Schultz employed a two-stage flame tube using
propane-air and propane-toluene-air mixtures.
Pyridine was added to simulate fuel-bound nitrogen.

Figure 1 compares computed and experimental
NOy concentrations for a range of primary equiva-
lence ratios from 0.6 to 1.8. Secondary air was
added to give a secondary equivalence ratio value
of 0.5. The primary-zone and secondary-zone resi-
dence times were kept at nomina’ly 11 and 2 msec,
respectively. The inlet air temperature was 672 K
and the reactor pressure was kept at 5 atm. The
results are for a propane-air mixture with no added
fuel-bound nitrogen.

Figure 2 compares experimental and computed CO
concentrations for the same operating conditions
given in Fig. 1. Good agreement between experimen-
tal and computed results is obtained for both pol-
lutants. The extended propane-air combustion and
NOy formation mechanisms used in the present work
give better agreement between experimental and com-
puted pollutants measurements than those obtained
from previous studies. The effects of various
operational parameters on pollutant emissions of
HSCT engines are discussed next.



Results and Discussion

Effect of Primary-Zone Residence Time

Previous work on the low NOy rich burn/quick
qguench/lean burn combustor from the DOE/NASA Low
NO, Heavy Fuel Combustor Concept Program!! indi-
cated that film cooling, if used, would produce
copious amounts of thermal NOy in the rich zone.
Therefore, the rich primary zone was totally regen-
eratively convectively cooted. It became clear
that for a rich primary zone to function success-
fully, there must be circumferentially uniform,
effective convection cooling of the liner wall.

The overheating of the liner wall in the rich zone
could limit the operating conditions to a lower
inlet air temperature. Thus, a rich primary zone
with smaller dimensions would improve the combustor
durability. Furthermore, the overall length of the
combustor should be kept as short as practical to
minimize engine shaft length and bearing require-
ments and to meet space limitations of HSCT engines
and the fuselage area.

Calculations were carried out for the rich
burn/quick quench/lean burn combustor to study the
effect of primary-zone residence time on pollutant
emissions. The effect of a smaller, rich primary
zone on pollutant emission are shown in Figs. 3 to
5. Primary-zone residence time is varied by chang-
ing the rich primary-zone reactor volume. The NOy
concentration decreases as primary-zone residence
time decreases for both primary-zone equivalence
ratios. A comparison of Fig. 4 with Fig. 3 indi-
cates that the NOy results are more sensitive to
primary-zone residence time variation for high
inlet temperatures and pressures. These results
are explained by the temperature, pressure, and
residence time effects on NOy forming reactions as
discussed in the previous section. The CO concen-
tration also decreases noticeably as primary-zone
residence time decreases at high inlet temperatures
and pressures (Fig. 5).

Effect of Secondary-Zone Residence Time

The effect of lean secondary-zone residence
time on NOy and CO concentrations is shown in
Figs. 6 and 7, respectively. Figure 6 shows that
the NOy emissions are sensitive to variation of
residence time in the lean secondary zone. There
is a 36 percent decrease in NOy concentration as
secondary residence time decreases from 2.8 to
0.9 msec. This decrease is due to the shorter
amount of time available at the burning conditions.
In contrast, the CO concentration increases by
45 percent as the secondary-zone residence time
decreases from 2.8 to 0.9 msec (Fig. 7). The
decrease in reaction time in the lean zone sup-
presses the CO reaction and results in higher CO
levels in the combustor exhaust.

Effect of Primary-Zone Equivalence Ratios

The purpose of these parametric tests was to
assess the effects of varying primary-zone equiva-
tence ratio. The rich primary-zone equivalence
ratios were varied from 1.0 to 2.0. A comparison
of NOy emissions at each inlet air temperature is
given in Fig. 8 for an initial pressure of 7.6 atm.
The observed NOy values generally are highest at an
equivalence ratio of about 0.9 or 1.0, and the min-
imum NOy levels usually occur between rich primary-

zone equivalence ratios of 1.5 and 1.7. Minimum
NOy emissions occurred at a rich primary-zone
equivalence ratio of 1.6 for all of the test cases
studied. These data indicate that the minimum NOy
is below 800 ppmm for the highest inlet air temper-
ature of 1311 K. The operating conditions of the
reactors together with the variation of NOy emis-
sions with primary-zone equivalence ratio at each
inlet air temperature are summarized in Table 4.

It has been postulated and later demonstrated
in fundamental experiments that a fuel-rich combus-
tion zone can be effective in suppressing NOy for-
mation!3.15 pecause oxygen is unavailable. The
absence of oxygen in the fuel-rich zone is clearly
illustrated in Fig. 9. The ability of the rich
burn/quick quench/lean burn combustor to achieve
similar low NOy point and levels with significantly
different inlet air temperature conditions is
clearly demonstrated in Fig. 8.

The primary-zone equivalence ratio was also
varied from 0.6 to 0.8 to show the variation of NOy
emissions with the lean primary-zone equivalence
ratios (Fig. 8). A lean primary zone operates at
lower reaction temperatures than a rich primary
zone. This is clearly illustrated in Fig. 10.
Therefore, the volume required for the lean primary
zone is larger than the rich primary-zone section.
In general, NOy is formed when nitrogen in the
atmosphere is subjected to high temperatures over a
finite period of time in the presence of oxygen.
The oxidation of atmospheric nitrogen can be mini-
mized by operating at reaction-zone temperature
levels below approximately 1644 K. Unfortunately,
in the excess oxygen state of lean combustion,
atmospheric nitrogen can still react to produce
high levels of NOy. This would explain the higher
NOy levels obtained at a primary-zone equivalence
ratio of 0.8 compared to the NOy levels obtained
at a primary-zone equivalence ratio of 1.2. This
increase in NOy levels is more pronounced as the
inlet air temperature increases as illustrated in
Fig. 8.

Table 5 summarizes CO emissions results as a
function of rich and lean primary-zone equivalence
ratios. Figure 11 shows CO emissions for nine dif-
ferent primary-zone equivalence ratios having lines
of constant inlet air temperatures. As primary-
zone equivalence ratio increases, CO emissions
increase proportionally. Apparently, if the low
NOy and CO goals were achieved simultaneously, the
minimum NOy achieved might be compromised. If the
need to reduce CO becomes important, the rich
primary-zone stoichiometry should be leaned to the
1.4 to 1.5 equivalence ratio range to produce
less CO while accepting some increase in NOy emis-
sions. Emissions results for COp as a function of
primary-zone equivalence ratio and inlet air tem-
perature are shown in Table 6. The high concentra-
tion of CO, emissions indicates that most CO was
oxidized. The unburned hydrocarbon emissions
(C3Hg, CHq, CpHg, and CoHg) were at extremely low
concentrations at all conditions studied. These
unburned hydrocarbon emissions are the same as the
unburned hydrocarbon concentrations obtained from
equilibrium combustion calculations.

Effect of Inlet Air Temperature

A series of parametric tests was carried out
to evaluate the sensitivity of the rich burn/quick
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quench/tean burn combustor exhaust emissions to
inlet air temperatures. NOy emissions levels are
summarized in Table 4 and shown in Fig. 8 as a
function of inlet air temperature. NOy emissions
appear to vary exponentially with changes in inlet
air temperature. Figure 8 shows that the NOy mini-
mum increases 620 ppmm for a 311 K increase in
inlet air temperature. A higher inlet air tempera-
ture causes higher reaction temperatures in the
lean secondary zone (Fig. 12). This results in
higher NOy emissions in the combustor exhaust.

The effects of inlet air temperature on CO
emissions are summarized in Table 5 and shown in
Fig. 11. Changes in combustor inlet air tempera-
ture have a smaller observable effect on CO emis-
sions, especially at the higher equivalence ratio
1imit of the primary-zone stoichiometry. The
decrease in the availability of oxygen due to the
increase in the primary-zone equivalence ratio
decreases the CO reaction rate and does not produce
an observable effect on CO emissions by inlet air
temperature at high primary-zone equivalence
ratios. Table 6 summarizes how CO» emissions
change as inlet air temperatures are raised.

Effect of Initial Pressure

The effect of pressure on exhaust emissions
was also studied (Figs. 13 and 14). The pressure
variation was 7.6 to 16 atm, the combustor inlet air
temperature was 1311 K, and the lean secondary-zone
equivalence ratio was 0.5. Primary-zone equivalence
ratios again ranged from 0.6 to 2.0. The data
indicated that increasing the pressure causes an
increase in both NOy and CO emissions levels. How-
ever, the increase in NOy levels due to pressure is
smallest at the minimum NOy points. This again
illustrates the ability of the rich burn/guick
qguench/lean burn combustor to achieve similar low
NOy levels even when initial pressure conditions
vary significantly.

Effect of Secondary-Zone Equivalence Ratios

The effect of lean secondary-zone equivalence
ratios on emissions was studied by varying them
from 0.5 to 0.7. Figure 15 shows NOy emissions for
three different lean secondary-zone equivalence
ratios. The NOy emission increased by 79 percent
as the Tean-zone equivalence ratio was varied from
0.5 to 0.7. Change in the lean-zone equivalence
ratio also had an observable effect on CO emis-
sion. Figure 16 indicates that CO emission
increased by 62 percent as the lean secondary-zone
equivalence ratio was varied from 0.5 to 0.7. The
higher availability of oxygen in the lean zone at
Tower equivalence ratios increases the CO reaction
rate and results in lower CO in the combustor
exhaust.

Conclusions

The effects of HSCT operating conditions on
exhaust emissions of the rich burn/quick quench/
tean burn combustor were studied. Experimental
datal? were compared with calculated results. The
major conclusions drawn from this study follow:

1. For the most severe operating conditions
considered (combustor inlet temperature, 1311 K;
combustor inlet pressure, 16 atm), the combustor

produces NOy emissions of 850 ppmm at the minimum
in the NOy curve in the region of the 1.6 primary-
zone equivalence ratio. The level of CO emissions
was below 670 ppmm at these operating conditions.
Unburned hydrocarbons were very minimal at altl
conditions tested.

2. At the optimum configura<~ion for minimum
NOy. the rich burn/quick quench/lean burn combustor
shows only small increases in NOy emission levels
as the combustor inlet temperature and pressure are
increased. The minimum in the NOy curve does not
change with variations in combystor inlet tempera-
ture and pressure. This demonstrates the ability
of the rich burn/quick quench/lean burn combustor
to suppress NOy emissions.

3. NOy emissions vary directly with changes in
combustor initial inlet air temperature, pressure,
rich primary-zone and lean secondary-zone residence
time, and lean secondary-zone equivalence ratio.

4. CO emissions vary in a direct manner with
changes in combustor initial inlet air temperature,
pressure, rich primary-zone residence time, and
lean secondary-zone equivalence ratio. They vary
in an inverse manner with changes in the lean
secondary-zone residence time.
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TABLE 1. - CHARACTERISTICS OF CRUISE OPERATING CONDITIONS FOR SUBSONIC VERSUS
HSCT AIRCRAFT SYSTEMS

(Standard day conditions.)

Condition Subsonic Supersonic Supersonic

production Concorde HSCT

turbofan, afterburning

P&WA JT9D-7 turbojet,

Olympus 593
fuel JP JP P
Cruise altitude, km 10.7 17.7 17.7
Cruise Mach number 0.85 2.0 2.0
Compressor discharge airflow rate, kg/sec 51.5 83.0 65.0
Combustor inlet temperature, K 70 824 1073
Combustor inlet pressure, atm 9.7 6.5 16.8
Combustor exit temperature, K 1410 1320 2510
Fuel-air ratio 0.018 0.0141 0.053
Fuel flow rate, kg/sec 0.78 1.17 2.67
Estimated cruise NOy emission, g NOz/kg fuel 16 to 23 18 to 19 60 to 89
Certification year 1971 1976 2010




TABLE 2. - PROPANE-AIR

COMBUSTION AND NO, CHEMICAL KINETIC MODEL

Reaction Reaction Rate constantd.b Reference
number
A n Ea
1 NO +0 =N 40 3.8x10% 1 41 370 30
2 0 +Np =NO +N 1.82¢1014 | o 76 250 30
3 NO +H =N+ OH 2.63x101% | 0 50 410 20
4 CH + N» = HCN + N 1.ox10t} 10 19 000 12
5 CH +NO =N+ HCO 1.6x1013 | 0 9 940 32
6 CH +NO =0  + HCN 2.0x1012 | o 0 32
7 CN +Hy =HCN +H 6.0x1013 | 0 5 300 14
8 0 +HCN = OH + CN 1.4x10'! .68 | 16 900 14
9 OF + HCN = HNCO + H 4.0x10!] 0 2 800 33
10 CN +0 =CO +N 1.2x1013 | o 0 33 ,
n CN +OH =NCO +H 2.5x101% | o 6 000 33 1
12 Hy + NCO = HNCO + H 1.0x1014 | o 9 000 33 ;
13 HNCO + H = NHy + CO 1.0x1014 | o 8 500 33 ‘;
4 CN +07 =NDO o0 3.2x1013 | 0 1 000 33 i
15 CN  +COp = NCO + CO 3.7x10'2 | o o 33 ,
i
16 0  +«NCO =NO +CO 2.0xt013 | 0 0 33 !
17 N+ NCO =N; +CO t.ox1013 | o 0 33 ‘
18 H o+ NCO =NH +CO 2.0x1013 | 0 0 33 |
19 NH  +OH =N+ HoO 5.0x10!] 5 2 000 30 {
20 HO; + NO = NOp + OH 2.09x1012 | 0 -477 30 !
|
21 0 +NO; =NO +0; 1.0x1013 | o 596 30 ;
22 NO +0 =NOp + M 5.62x1015 | 0 -1 160 14 i
23 NO; +H =NO + OH 3.47x101% | o 1 470 34 i
24 N~ + N0y =2NO 4.0x1012 | 0 0 30 i
25 M+ N0 =Ny +0 6.92x1023 | -2.5 65 000 30 ;
26 0 + N0 =Np 0 1.0x1014 1 0 28 020 30
27 0+« N0 = 2NO 6.92x1013 | 0 26 630 30
28 N0 +H =Ny +OH 7.5901013 | 0 15 100 30
29 NOp + Hp = HNOp + H 2.4x1013 | 0 29 000 34
30 OH  + NJp = HNO3 + M 3.0x1015 | o -3 800 34
31 OH + NO = HNOp + M 5.6x1015 | 0 -1 700 34 i
32 HNO + H  =Hy + NO 5.0¢1012 | 0 0 34
33 H  + N0 =HNO + M 5.4x1015 | 0 -600 34
34 HNO + OH = Hp0 + NO 3.6x1013 | 0 0 34
35 C3Hg = CzHg + CHj 5.0¢1015 | 0 83 500 3
36 CH3 + C3Hg = CHq + CaHy | 3.55x1012 | © 10 300 3
37 C3H7 = CoHq + CHs 3.0x1014 | 0 33 200 3N
38 CH3 + CHy = CoHg - 2.4x1014 | -4 0 N
19 H ™ + Cpg = CoHg + Hy 1.32x1014 | o 9 700 3
40 O  + CgHg = CzHg + OH 1.3x0'4 | o 7 850 35
41 OH + CzHg = CpHg + Hp0 | 1.45x1013 | o 3 520 35
42 M+ CoHg = CoHz + H 1.0x1017 | 0 31 000 31
43 CoHg + 0p = CaHg + HOp 2.0x1012 | 0 5 000 31
44 H " 4 CoHg = CoHgq + Hy a.8x1013 | o 0 3
45 CHy + CHy™ = CoHg + H 2001013 | 0 0 31
46 H  + CpHg = Hy + CoH3 | 1.5a0!% | ¢ 10 200 31
47 M+ CHg = CaHy + Hy 2.6x1017 | 0 79 300 3
48 CoHg + OH = CoH3 + Hy0 1.0x1014 1 o 3 500 36
49 CoHg + O = CH3 + HCO | 2.26x1013 | o0 2 700 36
50 CoHg + O = CHYO + CHp 2.5x10'3 | o 5 000 36
dRate constant as given by k = ATD exp (-£5/RT), where is temperature in

K, and E4
bunits of k are sec-

bimolecular reaction, and ¢m®/mole-sec for a trimolecular reaction.

is the reaction

for a

activation energy in cal/mol.

ynimolecular reaction, cm3/mol-sec for a



TABLE 2. - Concluged.
Reaction Reaction Rate constant?.? Reference |
number i
A no| Ea i
51 M+ Col3 = CoHz » H 3.001016 1 0 40 500 36
52 CaHy + 07 = CgHy » HOp | 1.S8x1013 | 0 10 00 37
s3 CaH3 « H = CoHy + H» 6.0x1012 | 9 0 37
54 CaH3 + OH = CoHy » 430 s.x1gls | 9 ol 37
55 M 7 4+ CoHy = CoH + H 1.oa10td | o Ha oo | 38
56 CoHy + 0 = CHp « CO s.2x1013 | o 37001 38
57 CoMy + 0 = CoH + OM 3.2¢10!5 | -8 17000 i 38
58 CoHy + 0 = CoHO « H 3.56x104 2.7 1 390 39
59 C3HO + CHy = C3H3 « CO 3.ox1013 1 0 0 39
60 CoHO + CHy = CH2O « CpH v.oaaold o9 2 000 37 |
61 CoHy + OH = CoH + Hy0 6.0x1012 | 0 7 000 18 f
62 CaHy + 07 = 2HCO 4.001012 1 0 28 000 39
63 CoH + 02 = HCO +CO 1oxtold oo 7 000 39
64 CoH +0  =CO +CH 1.4x1013 | 0 3150 31
65 Ho + CHg = CH3 » Hy 1.26x104 | o 11900 49
66 0 +CHy =CHy + OH 1oxiold |9 1720 20
67 OH + CHg = CH3 = H30 2.5x1013 1 0 5 010 40
68 CHy + OH = CH30 + H 7.4x1012 | 0 0 3l
69 CH3 + OH = CH30 + H 6.3c1012 1 0 0 35
70 M~ +CHy =CH) +H 1.95¢1018 | 0 91 600 39
7 CHy + 0 = CHO0 + H 1.29x1014 | o 2 000 39
72 CH3 + 03 =CH30 + 0 2.8x1013 § 0 28 650 0
73 M~ 4+ CH30 = CHYO + H 5.0010'3 | 0 21 000 39
74 M+ CHz0 = HCO + H 5.0x1016 | 0 81 000 39
75 CH20 + OH = HCO « H0 s.ox1015 | o 13 000 4
76 CH)O + H = HCO + ) 2001013 | o 3 300 a3
77 CHyO + 0 = HCO + OH 5.0x1013 | o 4 600 4
78 HCO + 0 =CO + OH 3.0x1013 1 0 ) 4
79 HCO + OH = CO + Hy0 3.0x1013 | 0 0 4
80 HCO +H  =CO  + Hy 2.0x1013 | 0 0 4
8t HCO + 07 «CO + HOz 3.001013 1 0 0 31
82 M +HO =H +CO 2,901 | o 15 570 14
83 0O +0 =COp +M 2.4x1013 | 0 4 100 35
84 €0 +0 =C0; +0 2.5x1012 1 0 a7 690 35
8s CO +«OH =C0; +H 4700l | o 1 000 kP
86 H +0p =204 +0 1.66x1014 | o 16 400 34
87 0 +Hy =0H +H 3.26x1013 | o 9 800 34
88 0  +H0 =OH =+ OH 6.76x1013 | © 18 360 34
89 Hy + OH = H0 +H 2131013 | o 5100 34
90 H +0p =H0; +M 2.0x10'8 | 1 0 34
91 H s+ OH =H0 +M 2.17x1022 | 22 0 14
92 H o+ H  =Hy M 6.4x1017 | 0 14
93 0 +0 =0y +M 1.91x1013 | ¢ -1 790 e
94 H  +CHy =Hy + CHp 2.7x10"! 67 {25 190 ta
95 0 +CH} =0H +CHp 1.9x10!! .68 | 25 700 14
96 OH + CHy = H0 + CHp 2.7x10M] .67 | 25 700 14
97 CH +C0; = HCO + CO 3.7x1012 | 0 0 14
98 CH + 03 =HCO +0 1.0x1013 | o 0 14
99 CHy + 03 = CHO + 0 5.0x10}] 5 6 960 35
100 CHy +0 =CH =+ OH 2.0x1001 1 25 800 35
101 CHy + OH = CH + Hy0 5.0x101! .5 5 960 35
102 CHy +H  =CH 3.2x101! I 4 970 35
3Rate constant as given by k = ATN exp (-E3/RT), where T s temperature in

K, and E,
bunits of k
pimolecular reaction. and cmd/mol2-sec for a trimolecular reaction.

is the reaction
are sec~!

for a

activation energy in cal/mol.

ynirolecular reaction, cm3/mol-sec for a



TABLE 4

TABLE 3. - THIRD-BODY COLLISION REACTIONS AND
CHAPERON EFFICIENCY
r Third-body reactions | Third-body Chaperon
k species efficiency
i factor
H + 07 =HO; +M 07 i3
Ny 3
H o+ 0y =HOp +M H0 21.3
C0z 7.9
H « 0y =HOp +M 0 2.9
CHyg 5.9
H +03 =HOp + M Hy 5.9
H + OH =Hy0 +M H0 6.5
H +« OH = Hp0 + M COz 2.0
H o+ OH = H0 «M co 1.5
OH + NOp = HNOjy + M 07 .7
H2 7.4

PARAMETRIC DATA:

INLET AIR TEMPERATURE

~ RICH BURN/QUICK QUENCH/LEAN BURN COMBUSTGR NOyx EMISSIONS
PRIMARY-ZONE EQUIVALENCE RATIO,

[Initial pressure, 7.6 atm: primary-zone residence time, =3 msec; secondary-
zone residence time, =2 msec.]

Inlet air Primary-zone equivalence ratio
temperature, .
K 0.6! o.s[ o.9| 1.o| 1.z| z.4|1,5|1.311.9[:.o
NOy emissions, ppmm
1000 438 1329 1895 2175 1233 293 157 178 195 205
1100 459 1948 | 2590 2793 1603 463 222 274 316 334
1200 733 | 2792 | 3434 | 3488 | 2027 731 | 424 | 445 | 512 | 566
131 1228 4012 4519 4340 2620 1204 777 777 840 936
TABLE 5. - RICH BURN/QUICK QUENCH/LEAN BURN COMBUSTOR CO EMISSIONS
PARAMETRIC DATA: PRIMARY-ZONE EQUIVALENCE RATIO,
INLET AIR TEMPERATURE
(Initial pressure, 7.6 atm; primary-zone residence time, =3 msec; secondary-
zone residence time, =2 msec.]
Inlet air Primary-zone equivalence ratio
temperature,
K o.s[o.s]o.gL I.OII.ZI 1.4[ I.Sl 1.8l 1A9l 2.0
CO emissions, ppmm
1000 137 142 158 229 449 807 1184 1496 1627 17186
1100 160 | 174 | 199 262 | 48} 836 | 1136 | 1489 | 1677 | 1748
1200 1Al 221 266 307 549 878 1222 1499 1607 1768
1311 76 304 343 409 n7 1039 1281 1506 1616 1760

TABLE 6. - RICH BURN/QUICK QUENCH/LEAN BURN COMBUSTOR COp EMISSIONS PARAMETRIC DATA:
PRIMARY-ZONE EQUIVALENCE RATIO,

[Initial pressure, 7.6 atm; primary-zone residence time, =3 msec; secondary-zone residence

time, =2 msec.]

INLET AIR TEMPERATURE

Inlet air Primary-zone equivalence ratio
temperature,
K 0.6 l 0.8 | 0.9 ] 1.0 l 1.2 l 1.4 | 1.6 L 1.8 l 1.9 [ 2.0
COp emissions, ppmm
1000 74 63 72 505 71 844 71 454 71 766 72 680 75 888 80 416 82 301 83 329
1100 49 782 | 71 259 | 70 707 | 70 539 | 71 571 | 72 234 | 74 410 | 78 378 | 80 584 | 82 125
1200 49 020 70 067 69 662 69 842 71 788 72 480 73 326 76 474 78 579 80 476
131 48 045 | 68 820 | 68 737 | 69 389 | 72 504 | 73 392 | 73 112 | 74 905 | 76 598 | 78 486
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